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Non-exhaust trafﬁc induced emissions are a major source of airborne particulate matter in most Euro-
pean countries. This is particularly important in Nordic and Alpine countries where winter time road
traction maintenance occurs, e.g. salting and sanding, and where studded tyres are used. Though the
total mass generated by wear sources is a key factor in non-exhaust emissions, these emissions are also
strongly controlled by surface moisture conditions. In this paper, Part 2, the road surface moisture sub-
model of a coupled road dust and surface moisture model (NORTRIP) is described. We present a
description of the road surface moisture part of the model and apply the coupled model to seven sites in
Stockholm, Oslo, Helsinki and Copenhagen over 18 separate periods, ranging from 3.5 to 24 months. At
two sites surface moisture measurements are available and the moisture sub-model is compared directly
to these observations. The model predicts the frequency of wet roads well at both sites, with an average
fractional bias of 2.6%. The model is found to correctly predict the hourly surface state, wet or dry, 85%
of the time. From the 18 periods modelled using the coupled model an average absolute fractional bias of
15% for PM10 concentrations was found. Similarly the model predicts the 90’th daily mean percentiles of
PM10 with an average absolute bias of 19% and an average correlation (R2) of 0.49. When surface moisture
is not included in the modelling then this average correlation is reduced to 0.16, demonstrating the
importance of the surface moisture conditions. Tests have been carried out to assess the sensitivity of the
model to model parameters and input data. The model provides a useful tool for air quality management
and for improving our understanding of non-exhaust trafﬁc emissions.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.47 63898050.
no (B.R. Denby).
r Ltd. Open access under CC BY-NC-ND license.
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moisture. This allows not just the description of salting for de-Non-exhaust emissions of particulate matter are a dominant
component of trafﬁc emissions in many countries in Europe. This is
particularly true in Nordic and Alpine regions where studded tyres
and winter maintenance activities, such as salting and sanding, are
used (e.g. Gustafsson et al., 2008; Norman and Johansson, 2006).
Even in regions where these practices are not carried out, non-
exhaust emissions from suspended road dust and other vehicle
wear sources, such as brake and tyre wear, have been shown to
contribute signiﬁcantly to the total vehicle emissions (Pant and
Harrison, 2013; Bukowiecki et al., 2010). Currently non-exhaust
emissions are not directly regulated but controls on these emis-
sions are required if concentrations are to be reduced. There is thus
a need for improved modelling of non-exhaust emissions that can
be further applied to assess abatement strategies and improve air
quality management.
This paper presents the second part of a study describing a
coupled road dust and road surface moisture model (NORTRIP) for
calculating non-exhaust trafﬁc induced emissions. The ﬁrst part
presented in Denby et al. (2013), and further referred to as ‘Part 1’,
provided a description of the road dust sub-model. In that case the
road dust sub-model was applied at two sites, over seven years,
where observed surface moisture measurements were available in
order to assess the road dust and suspension part of the model. In
this second part the surface moisture sub-model is described and
the model is applied to seven different sites over 18 periods,
ranging from 3.5 months to two years.
Modelling the surface moisture and the impact it has on the
surface particle retention is essential if the suspension of the sur-
face particles is to be modelled correctly. Often highly para-
meterised forms are used to simulate this retention, e.g. based on
time since last rainfall and/or humidity (e.g. Berger and Denby,
2011; US EPA, 2006; Pay et al., 2011). In the road dust suspension
model from Omstedt et al. (2005) a surface mass balance approach
was used where precipitation was balanced by drainage and
evaporation, based on a simpliﬁed energy balance scheme. How-
ever, none of these schemes take into account processes such as
condensation, snow, freezing processes, vehicle spray or impact of
salting on surface vapour pressure. To achieve this, a more
comprehensive surface moisture model is required that reﬂects the
physical processes in a more generalised way. Such a model is
similar to road weather models (e.g. Sass, 1997; Karlsson, 2001;
Möller, 2006) used to predict surface temperature for trafﬁc
maintenance and safety applications.
Within the road surface moisture sub-model the following
parameterised processes are included and described in Section 2.
1. Mass balance for surface moisture (water and ice/snow)
2. Production through precipitation (rain and snow)
3. Production through road maintenance wetting activities
4. Removal through drainage
5. Removal through vehicle spray
6. Removal of snow through snow ploughing activities
7. Evaporation and condensation using energy balance modelling
8. Melting and freezing
9. Impact of salt solution on vapour pressure and freezing
temperatures
The model coupling, between the road dust and surface
moisture sub-models, is through three main mechanisms. Firstly
by use of the surface moisture to determine the retention and
suspension of surface particles, secondly through the surface
moisture removal processes (drainage, spray, snow ploughing)
which will also remove dust and salt from the surface and thirdlyicing applications (NaCl) but also provides a mechanism to
describe the impact of dust binders (e.g. MgCl2 and CMA) on the
surface moisture. In this study only the application of NaCl is
considered.
In Section 2 the surface moisture sub-model is described along
with the coupling mechanisms and in Section 3 the seven different
sites where the model is applied are brieﬂy described. A compari-
son is made with observed surface temperature and surface
moisture at two of these sites, where such observations are avail-
able. The coupledmodel is then further applied to all seven sites for
18 separate periods and a comparison is made with observed
concentrations (Section 4). A model sensitivity analysis is provided
at one of the sites. Not all details concerning the model are pre-
sented in this paper and the reader is referred to the earlier model
documentation provided in Denby and Sundvor (2012) and to Part
1 of this study, Denby et al. (2013).
2. Surface moisture sub-model
The major aim of the surface sub-model is to predict the surface
retention of particles and to describe removal processes related to
the dust and salt mass. In Part 1, Equations (18) and (19), the surface
retention factor fq was deﬁned as a function of surface moisture. A
road surface is considered to be completely non-retentive (dry)
below a minimum surface wetness (gretention-min ¼ 0.04 mm, fq ¼ 1)
and completely retentive (wet) above a threshold surface wetness
(gretention-thresh ¼ 0.1 mm, fq ¼ 0), see Part 1 Section 3.7. The
following section describes how the surface moisture is calculated.
2.1. Mass balance for road surface moisture
As with the dust and salt loading (Part 1) we establish a mass
balance equation for water and ice (moisture) and determine the
production and sink terms for the road moisture balance. The road
moisture is separated into water (groad) and snow/ice (sroad), given
in mmw.e. (water equivalent for snow). The surface moisture mass
balance is speciﬁed by
vgroad
vt
¼ Pg  Sg (1)
vsroad
vt
¼ Ps  Ss (2)
The production of road water (Pg) is determined by the pro-
cesses of rain, snow/ice melt, wetting (during cleaning or salting)
and condensation
Pg ¼ Pg;rain þ Pg;snowmelt þ Pg;wetting þ Pg;condens (3)
The sink terms (Sg) for the road surface water include drainage,
spray, evaporation and freezing (converting water to ice).
Sg ¼ Sg;drain þ Sg;spray þ Sg;evap þ Sg;freeze (4)
Note that evaporation/condensation are the same process but in
reverse directions.
The production of road snow/ice (Ps) is determined by the
processes of snow fall, freezing and deposition (condensation of
ice)
Ps ¼ Ps;snow þ Ps;freeze þ Ps;condens (5)
The sink terms for the road surface snow/ice (Ss) include snow
melt, snow ploughing and sublimation (evaporation of ice)
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The surface of the road is considered to be impermeable to
moisture and no consideration is given in the model to subsurface
water content. The moisture sub-model in its current form is thus
only suitable for paved roads.
2.2. Precipitation
Precipitation in the form of rain or snow is added to the road
surface. The rate of production by precipitation (mm h1) is simply
written as
Pg;rain ¼
Rain
Dt
and Ps;snow ¼ SnowDt (7)
Where the total rain/snow for the period Dt is given in mm (water
equivalent).
2.3. Wetting
Wetting reﬂects the addition of water in salt solutions to the
surface or if water is used for cleaning the surface and is given by
Pg;wetting ¼
groadwetting

twetting

Dt
(8)
where groad-wetting is the amount of water used in the wetting (mm
or litre m2) at the time twetting. If salt is provided in solution then
the amount of water applied will depend on the salt solution
concentration. This can be speciﬁed directly as input to the model
or may be determined using the salting rule model (Section 2.10).
2.4. Drainage
Drainage is treated in the model as an instantaneous process,
since the time scale for drainage is much less than the model time
step of 1 h. The amount of water drained from the road in the
period Dt is speciﬁed by
groad;drainable ¼ max

groad  groad;drainablemin;0

(9)
and the water sink rate is speciﬁed by
Sg;drainage ¼ groad;drainable=Dt (10)
The parameter groad,drainable-min indicates the minimum mois-
ture level below which drainage does not occur. Typically drainage
will depend on pavement characteristics such as surface macro
texture but also large scale features such as road slope. Values for
groad,drainable-min are not clearly deﬁned, Omstedt et al. (2005)
applied a value of 1 mm. Based on sensitivity tests and compari-
son to observed moisture, Section 4.2, we use a value groad,drainable-
min ¼ 0.5 mm. Drainage is used, in combination with efﬁciency
factors (Table C.2), to remove dust and salt mass from the road
surface. The efﬁciency factors reﬂect how well the mass is mixed
withwater, and since salt is highly soluble it is given an efﬁciency of
unity. The dust efﬁciency is unknown and is set to a low value of
0.001. This part of the model is also described in Part 1, Section 3.6.
2.5. Vehicle spray
Spray is themechanism bywhichwater is emitted from the road
surface through contact of the tyre with the road, removing waterfrom the wheel tracks and redistributing it on the road surface or
removing it completely from the road. We consider spray as a road
moisture sink term that can be described using a rate equation and
that occurs down to a threshold surface moisture level (groad,-
sprayable-min)
Sg;spray ¼ Rg;spray$groad for groad > groad;sprayable-min
¼ 0 for groad < groad;sprayable-min
(11)
The rate equation is dependent on trafﬁc volume (Nv), a spray
rate factor ðf vsprayÞ and the vehicle speed ðVvvehÞ. The index v refers to
vehicle type, either light (li) or heavy (he) duty, and the spray
removal rate is summed over these two vehicle types.
Rg;spray ¼
Xvehicle
v¼he;li
Nv
nlanes
$f vspray

Vvveh

(12)
Here the spray factor f vspray (veh
1) is given by a quadratic
dependence on vehicle speed.
f vspray

Vvveh
 ¼ f v0;spray
 
Vvveh
Vref ;spray
!2
(13)
The basic spray factor f v0;spray for the two vehicle types (v) is
deﬁned by the user. Möller (2006) derived a value for this spray
factor of f li0;spray ¼ 5 103 veh1 for light duty and
f he0;spray ¼ 6f li0;spray for heavy duty vehicles at a reference speed of
Vref ;spray ¼ 70 km=hr. However that study concentrated on the
wheel tracks and included all other processes as well, e.g. evapo-
ration. Since the model describes the average surface moisture of
the road surface, not just the wheel tracks, we choose a value
signiﬁcantly lower than this of f li0;spray ¼ 1 104 veh1 and a
value for groad,sprayable-min of 0.1 mm. The sensitivity of the model to
this parameter is shown in Section 4.5.
Spraywill also removemass from the road surface andwill be an
additional sink for the road dust and salt loading Mmroad (Part 1,
Section 3.1). The spray rate Rg,spray provides the basis for the mass
removal which is modiﬁed by the mixing efﬁciency for spray
hmsprayeff for different mass types m. The same mixing efﬁciencies
are used for spray as for drainage. We write the spray sink term for
both dust and salt as:
Smspray ¼ Mmroad$Rg;spray$hmsprayeff (14)2.6. Snow ploughing
Ploughing of the road will remove snow and if no information
concerning its timing is available then a snow ploughing rule is
applied (Section 2.10). The efﬁciency of the ploughing, i.e. the
fraction of snow removed by a ploughing event, is given by the
factor hsnowploughingeff . This should be fairly high and a value of 0.8 is
used. Similarly an efﬁciency factor for the removal of dust and salt
ðhmploughingeff Þ during ploughing can be applied. This is expected to
be very low for dust but is set to unity, as in drainage and spray, for
salt.2.7. Evaporation, condensation and energy balance modelling
Both evaporation and condensation processes are described by
the water vapour ﬂux to, or from, the surface. This ﬂux is the direct
result of the energy balance of the road surface, which also
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to describe these processes an energy balance model is applied.
The surface energy balance, i.e. the net energy passing through
the top of the road surface, is given by the following:
Gs ¼ Rnet;s þ Hs þ Ls þ Htraffic (15)
where Hs and Ls are the sensible and latent turbulent heat ﬂuxes,
Rnet,s is the net radiation ﬂux and Htrafﬁc is an additional trafﬁc
induced heat ﬂux. We use the convention that heat ﬂuxes are
positive into the surface. If the surface energy ﬂux (Gs) is positive
then this means that the surface is being warmed.
2.7.1. Surface heat ﬂux
The surface heat ﬂux Gs is used to warm a surface layer slab of
depth Dzs as follows
vTs
vt
¼ 1
rscs
Gs  Gsub
Dzs
(16)
where Gsub is the ﬂux out of the slab into the under laying sub-
surface. The sub-surface ﬂux is speciﬁed using a relaxation term
Gsub ¼ mðTs  TsubÞ (17)
where Tsub is the subsurface temperature for the period considered,
in this case the mean of the last three days. The parameter m is
speciﬁed so that the model provides the correct surface tempera-
ture for a sinusoidal varying surface ﬂux with a period of one day
(U), similar to the force restore method described in Garratt (1994)
where
Dzs ¼

ks
rscs2U
1=2
(18)
m ¼ UrscsDzs (19)
Given typical road parameters of density rs ¼ 2400 kg m3,
speciﬁc heat cs ¼ 800 J kg1 K and thermal conductivity
ks ¼ 2.0 W m1 K1 then we ﬁnd that the appropriate choice of
Dzs ¼ 0.08 m and that m ¼ 11.8 W m2 K1.
2.7.2. Radiation
The net radiation ﬂux at the surface (Rnet,s) is given by
Rnet;s ¼ RSin;sð1 aroadÞ þ RLin;s þ RLout;s (20)
where RS-in,s is the incoming short wave global radiation at the
surface, aroad is the road surface albedo (0.15 for road, 0.4 for snow)
and RL-in,s and RL-out,s are the incoming and outgoing long wave
radiation respectively.
The incoming global radiation (RS-in,s) is required input for the
model and is available from meteorological models or from mea-
surements. This is adjusted to account for shading of the road
within the street canyon. In addition the global radiation is used, in
conjunctionwith a clear sky radiation model based on Konzelmann
et al. (1994) and Iqbal (1983), to estimate the cloud cover if this is
not available, see Denby and Sundvor (2012) for details concerning
these parameterisations.
The incoming long wave radiation is based on the Boltzmann
equation for blackbody radiation written asRLin;s ¼ εeffsT4K;a (21)where s is the StefaneBoltzmann constant (Table B.1), TK,a is the
atmospheric temperature in Kelvin and the effective emissivity
(εeff) is a function of cloud cover (nc) andwater vapour pressure (ea).
We use a version from Konzelmann et al. (1994) given as
εeff ¼ εcs

1 n2c

þ εcln2c (22)
and where the clear sky emissivity (εcs) is further parameterised as:
εcs ¼ 0:23þ 0:443$

ea
TK;a
1=8
(23)
A constant value for cloudy sky emissivity (εcl ¼ 0.97) is used as
suggested by Konzelmann et al. (1994). In addition the long wave
radiation from the surrounding street canyonwalls, assuming them
to be at the atmospheric temperature, is also taken into account.
The outgoing long wave radiation will depend on the surface
temperature following Boltzmanns law,
RLout;s ¼ εssT4K;s (24)
We linearise this equation for the surface temperature in Kelvin
(TK,s) around the near surface atmospheric temperature (TK,a) in
order to implicitly solve the surface temperature (Equation (16)).
Equation (24) can thus be rewritten as:
RLout;syRLout;a$

1 4Ta
TK;a

þ 4Ts
TK;a
	
(25)
where
RLout;a ¼ εssT4K;a (26)
The surface emissivity (εs) is taken to be unity.
2.7.3. Sensible and latent heat ﬂuxes
We use a bulk atmospheric surface layer formulation to describe
the sensible and latent heat ﬂuxes as:
Hs ¼ ra$Cp$ðTa  TsÞ=rT (27)
Ls ¼ ra$ls$ðqa  qsÞ=rq (28)
where rT and rq are the aerodynamic resistance for temperature and
water vapour respectively, ra is the density of air and Cp is the heat
capacity of dry air. Ts and Ta are the surface and atmospheric tem-
perature and qs and qa are the surface and atmospheric speciﬁc
humidity respectively.
The aerodynamic resistance factors rq and rT for atmospheric
turbulence are described using classic similarity theory under
neutral conditions. i.e.
1
rwindq;T
¼ FFðzÞ$k
2
logðz=z0Þ$log

z=zq;T
 (29)
Where k is the von Karman constant (0.4) and z0, zq,T are the
respective roughness lengths for momentum, water vapour and
temperature. According to surface renewal theory (Denby and
Snellen, 2002) zq,T z z0/10 under typical conditions. The resis-
tance factors may be reduced due to trafﬁc induced turbulence.
This will be dependent on the vehicle speed ðVvvehÞ and the trafﬁc
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vehicles will induce more turbulence than light duty. We relate
these parameters as simply as possible to each other in the
following way
1
rtrafficq;T
¼ 1
3600$3:6
X
v¼ li;he
avtraffic$
Nv
nlanes
$Vvveh (30)
where the constants convert the trafﬁc speed (km h1) and volume
(veh hr1) to units of m s1 and veh s1 respectively. The coefﬁcient
atrafﬁc has units of s veh1 and represents the aerodynamics of the
vehicles. We suggest values of around 1103 and 1102 s veh1
for light duty and heavy duty vehicles respectively. Use of these
values will half the resistance factors on busy roads, e.g. ADT of
40,000 and vehicle speeds of 70 km h1, compared to typical at-
mospheric induced turbulence. The total resistance is calculated
using
1
r
¼ 1
rtraffic
þ 1
rwind
(31)
2.7.4. Vehicle induced heat ﬂux
Heat ﬂuxes are produced by vehicles due to both motor warmth
and friction of tyres with the surface. This is parameterised in the
model using the following form
Htraffic ¼
X
v¼ li;he
Hvveh$
Nv
nlanes
$
lvveh
Vvveh
$103 (32)
Here the trafﬁc induced heat ﬂux (Htrafﬁc in W m2) is deter-
mined by the individual heat ﬂux from a single vehicle (Hvveh,
Wm2 veh1), the number of vehicles in the vehicle category v (Nv)
and the time the vehicles spend over any part of the road, deter-
mined by the vehicle speed ðVvvehÞ and the vehicle length ðlvvehÞ.
Heat ﬂux per light vehicle is given asHliveh ¼ 10Wm2 veh1. Heavy
vehicles are considered to be three times as long and to give off
three times as much heat. These parameter values are uncertain
and require further assessment, but the model is not highly sensi-
tive to the choice of these.
2.7.5. Surface humidity
The surface water vapour pressure is expected to decrease
below the saturated value once the surface moisture starts to fall
below a threshold value ðgroad;evapthreshÞ. This mimics the patchi-
ness of the drying surface and moisture contained within the pores
of the road surface. We write this in terms of the surface relative
humidity (RHs) which is described as a discontinuous linear
function
RHs ¼ groad þ sroadgroad;evapthresh
$100 for groad þ sroad < groad;evapthresh
¼ 100 for groad þ sroad > groad;evapthresh
(33)
The surface speciﬁc humidity (qs) in Equation (28) is then
speciﬁed by
qs ¼ RHs100$q
*
s (34)
where q*s is the saturated speciﬁc humidity, determined using
Equations B.2 and B.3. The value of groad;evapthresh is not known butit must be below the lower limit of the surface retention parameters
(Part 1, Equations (18) and (19)) to ensure that roads can be ‘dry’
even in relatively humid conditions. We use a value of 0.02 mm,
half of the minimum retention threshold, and investigate the
models sensitivity to this parameter in Section 4.5.
2.7.6. Solving the energy balance to determine the evaporation and
condensation
The surface energy balance is solved by prognosis of the surface
temperature, using Equations (15) and (16), and diagnosis of the
related heat ﬂuxes. From this the evaporation sink and condensa-
tion production is calculated from the latent heat ﬂux as
Sg;evap ¼ max

0;Ls
ls

(35)
Pg;condens ¼ max

0;
Ls
ls

(36)
Where the coefﬁcient of latent heat (ls) depends on whether the
surface is snow or water. Similar equations apply for the surface
snow cover.
2.8. Melting and freezing
Snow can melt once the snow temperature, i.e. surface tem-
perature, reaches the freezing or melting point (Tmelt). For pure
water this is 0 C but when salt is present this will be lower (Section
2.9). The amount of melt depends on the surface energy ﬂux and is
given as a sink term for the surface snow and as a production term
for the surface water
Ss;snowmelt ¼ Gslm for Gs  0 and Ts  Tmelt
Pg;snowmelt ¼ Ss;snowmelt
(37)
where lm is the latent heat of fusion of ice and Gs is the surface
energy ﬂux (Equation (16)).
Similar to snowmelt, surfacewatermay freezewhen the surface
temperature is at the melting/freezing temperature (Ts ¼ Tmelt) and
the surface heat ﬂux is negative (Gs < 0). The amount of freezing
depends on the surface energy ﬂux and is given as a sink term for
the surface water and as a production term for the surface snow/ice
Sg;freeze ¼ Gslm for Gs < 0 and Ts < Tmelt
Ps;freeze ¼ Sg;freeze
(38)
2.9. Vapour pressure and freezing point temperature dependence
on salt concentration
The addition of salt changes the vapour pressure of the surface
moisture which may impact on the evaporation and condensation.
The vapour pressure of a salt solution can be described as
depending on the salt content, salt type and temperature. Vapour
pressure for saturated salt solutions may be determined by ﬁtting
Antoine’s function to experimental data (Morillon et al., 1999).
Antoine’s function is described using three parameters
log10

e*salt

¼ Asalt 
Bsalt
Csalt þ T
(39)
where the saturated vapour pressure of the salt solution e*salt
(mm Hg) is dependent on the temperature (T) in C and the
Fig. 1. Freezing temperature (top) and vapour pressure ratio (salt/ice) (bottom) used in
the model for NaCl and MgCl2 salt solutions.
Table 1
Antoine coefﬁcients and other parameters for saturated salt solutions in the tem-
perature range 10 C to 25 C, Morillon et al. (1999). Small corrections are made to
the salt vapour pressure curve to ensure an intersection at the correct eutectic point
(ecorrection).
Variable Units Water/ice NaCl MgCl2
Atomic weight ðMatomic;saltÞ g mol1 18.0 58.4 95.2
Saturated freezing
temperature
(Tmelt,salt-saturated)
C 0 21 33
Saturated solution by
mass fraction
% 23 22
Saturated solution by
molar fraction
(Saturatedsalt)
% 0.085 0.05
Saturated relative
humidity at 0 C
(RHs,salt-saturated)
% 100 75 33
Asalt 10.3 7.4 7.2
Bsalt 2600 1566 1581
Csalt 270 228 225
ecorrection mm Hg þ0.013 þ0.118
B.R. Denby et al. / Atmospheric Environment 81 (2013) 485e503490experimentally ﬁtted coefﬁcients Asalt, Bsalt and Csalt. Values for
these parameters are listed in Table 1 for water/ice, NaCl andMgCl2.
The intersection of these Antoine functions for saturated salt and
pure ice indicate the eutectic temperature at which the salt solution
freezes, see Table 1.
When the solution is above saturation then salt will crystallise
out and the impact on the vapour pressure will diminish. For NaCl
this results in a return to normal vapour pressures for over-
saturated solutions with mass solutions >26%. This is prescribed in
the model by a linear increase in vapour pressure from the satu-
rated vapour pressure fraction (0.75 at 0 C) to the oversaturated
vapour pressure fraction of 1. For MgCl2 this increase in vapour
pressure for oversaturated solutions also occurs but it never
completely returns to the water vapour pressure (Vaa and Meland,
2005).
From these data the temperature dependence of freezing tem-
perature and surface relative humidity on the salt solution is
speciﬁed and these are shown in Fig. 1, see Denby and Sundvor
(2012) for more details. The ﬁnal surface relative humidity
(RHs,salt) is speciﬁed using
RHs;salt ¼
esaltðTsÞ
eiceðTsÞ
$RHs (40)
2.10. Road salting and snow ploughing rules
Information concerning road salting activities is generally not
available and so a salting model, based on a set of rules, is imple-
mented in the model. The salting rules are described using the
following logic: A window of time is established (trule-window) that
can be used both backwards and forwards in time, around the
current time (t0) in which a number of meteorological parameters
are searched for. If these parameters are found within speciﬁed
bounds then salting can occur at predeﬁned times of the day (trule-
hour). A minimum ‘delay’ time between salting events is prescribed
(trule-delay). The following rules apply based on temperature (Ta),
Humidity (RHa) and precipitation (Prec).Fig. 2. Road conﬁguration parameters used in deﬁning the street site data. In this
example there are 4 lanes.
Table 2
Input data requirements for the NORTRIP emission model.
Site and road data Trafﬁc (hourly) Meteorology (hourly) Road maintenance activity
(hourly)
Number of lanes Time and date Time and date Time and date
Width of lane (m) Total trafﬁc volume (veh/hr) Observed atmospheric
temperature (C)
Sanding mass per hour
(g m2)
Road width (m) Total heavy duty vehicle trafﬁc volume (veh/hr) Wind speed (m s1) Salting mass NaCl per hour
(g m2)
Street canyon width (m) Total light duty vehicle trafﬁc volume (veh/hr) Relative humidity (%) Salting mass MgCl2 per hour
(g m2)
Street canyon height north (m) Studded tyre heavy duty vehicle trafﬁc volume
(veh/hr)
Rain fall (mm hr1) Road wetting per hour (mm)
Street canyon height south (m) Studded tyre light duty vehicle trafﬁc volume
(veh/hr)
Snow fall (mm hr1) Road cleaning occurrence
Street orientation (degrees
from north)
Winter friction tyre heavy duty vehicle trafﬁc
volume (veh/hr)
Global radiation (W m2) Snow ploughing occurrence
Latitude (decimal degrees) Winter friction tyre light duty vehicle trafﬁc
volume (veh/hr)
Cloud cover (fraction)a
Longitude (decimal degrees) Summer tyre heavy duty vehicle trafﬁc volume
(veh/hr)
Road surface wetness
(mV or mm)b
Elevation (m a.s.l.) Summer tyre light duty vehicle trafﬁc volume Road surface
temperature (C)b
Height of observed wind (m) Heavy duty vehicle speed (km hr1)
Height of observed temperature
and RH (m)
Light duty vehicle speed (km hr1)
Surface albedo (0e1)
Time difference with UTC (hr)
Surface pressure (mbar)
Driving cycle (index)
Pavement type (index)
a Not obligatory, cloud cover can be estimated from the global radiation.
b Not required directly for the emission modelling but can be used for comparison with observed concentrations.
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allowed this hour):
If Trule-min < Ta (t) < Trule-max for t ¼ t0 to t0 þ trule-window then
Tallowed is true
If RHa (t) >RHrule-min for t ¼ t0 to t0 þ trule-window then RHal-
lowed is true
If Prec(t) >Precrule-min for t ¼ t0  trule-window to t0 þ trule-
window then Precallowed is true
If Tallowed and (RHallowed or Precallowed) then tapplication¼ t0 (salt is
applied)
An additional rule concerning the wetting of the salt, at a pre-
deﬁned solution (e.g. 20% salt), is included. Salt is applied in solu-
tion if the road surface moisture is below a threshold valueTable 3
Summary information concerning the sites used in this study.
Site name City Modelling period(s) Road conﬁg
Hornsgatan Stockholm 2000, 2006e2011: 1 calendar
year and 5 non-summer periods
of 9 months
4 lane stree
Essingeleden Stockholm 2008e2009: 18 months 9 lane moto
Riksvei 4 (RV4) Oslo 2004e2006: 3 4e6 month winter
periods
5 lane highw
Nordby Sletta Oslo 2002: 3.5 month winter period 4 lane highw
Mannerheimintie Helsinki 2007e2008: 24 months 4 lane open
canyon
Runeberginkatu Helsinki 2004: 4 month winter period 4 lane stree
H. C. Andersen
Boulevard (HCAB)
Copenhagen 2006e2011: 5 periods of 6e12
months
6 lane open
canyon
mod Principally derived from trafﬁc models.
a Derived from road pavements characteristics using the Swedish road wear model.(grule-min). Values of the various parameters are listed in Table C.3.
For snow ploughing a much simpler condition is applied. When
snow depth on the road surface exceeds a limit value
(sroad > 3 mm w.e., which for fresh snow is around 3 cm in depth)
then snow ploughing occurs and snow is removed with a speciﬁed
efﬁciency ðhsnowploughingeff Þ.3. Model data requirements and application datasets
3.1. Input data
The NORTRIP model requires a number of model parameters
(Table B.2 and Table A.1 in Part 1), static information about the siteuration Average daily
trafﬁc (vehicle)
Average vehicle
speed (km hr1)
Winter time
max studded
tyre fraction (%)
Pavement type
factor (hpave)
t canyon 23,000 44 70e33 0.83a
rway 134,000 71 70 0.83a
ay 42,000 64 28e18 1.32a
ay 35,000 82 32 1
street 19,000mod 37mod 80 1
t canyon 21,000mod 48mod 80 1
street 58,000mod 43mod 0 4e2a
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(hourly) concerning trafﬁc, meteorology and road maintenance
activities to calculate emissions. In addition information concern-
ing air quality measurements and exhaust emissions can be
included for comparison and, in the case of NOx, for converting
emissions to concentrations (Part 1, Section 3.9). These data are
listed in Table 2.Fig. 3. Scatter plots showing the hourly observed and modelled surface temperature
difference DTs ¼ Ts  Ta for HCAB 2006e2007 (a) and Hornsgatan 2010e2011 (b). Also
indicated is the orthogonal linear regression ﬁt to the data with coefﬁcients a0
(intercept) and a1 (slope).3.2. Model parameters
The model parameters for the road dust sub-model are listed in
Part 1, Table A.2 and for the surface moisture model these are listed
in Table C.2. In all cases the same model parameters are used,
though the pavement wear scaling factor may vary depending on
information available about the pavement, Table 2. For pavements
where no information is available on pavement type then this
factor is given the default of 1.
Somemodel parameters are slightly different to those applied in
Part 1 to Hornsgatan and HCAB. The road dust suspension factor has
been halved to 2.5  106 veh1 and the fraction of PM10 in the
suspendable dust (fPM,ref) has been increased from 0.18 to 0.21. This
choice better reﬂects the entire range of data presented here and is
within uncertainties of these parameters. New information con-
cerning the pavement type at HCAB after repaving in summer 2008
indicates pavement characteristics with lower wear than with the
previous pavement. A pavement wear factor of hpave ¼ 2 is applied
after 2008, compared to 4 in the previous years. The efﬁciency
factors for salt mixing for drainage, spray and snow ploughing have
been set to unity and the efﬁciency factors for dust mixing in
drainage and spray are given as 0.1%. These new efﬁciency factors
are listed in Table C.2.
3.3. Application datasets
In this paper seven different sites covering 18 separate periods
are used for assessing the NORTRIP model. Table 3 provides an
overview of the sites and the datasets used, more detailed infor-
mation on the sites is available in Denby and Sundvor (2012). Two
of these sites, Hornsgatan and HCAB, have observed surface tem-
perature and moisture available for some of the periods and these
are used for a direct comparison with the surface moisture sub-
model. At Hornsgatan conductivity measurements at three posi-
tions on the road determine surface moisture and at HCAB the
thickness of the surface water ﬁlm is measured. All sites measure
PM10 and NOx, some also measure PM2.5, at both a trafﬁc site and
at a nearby urban background site. At all sites the net PM10 con-
centrations, trafﬁc minus urban background, are used for com-
parison with the model. Meteorological data is either measured at
the sites, at roof top or at nearby meteorological stations. At all
sites the studded tyre season lasts from around November to April,
with the exception of HCAB in Copenhagen where no studs are
used.
3.4. Salting data and salting rules
Information is only available at three sites concerning salting
application on the particular road, Mannerheimintie, Hornsgatan
2010e2011 and HCAB. For the other sites the salting rule model
is applied. Comparison of the salting rule model with the
Hornsgatan 2010e2011 salting information gives a very similar
number of salting events, 87 and 86 respectively, but the timing
of the events is not exactly the same. On HCAB the salting rule
model under predicts the number of salting events by a factor of
two and on Mannerheimintie the salting rule model overpredicts the salting events by a factor of two, but the salting rule
model is never applied for these two roads. Salting activities vary
from city to city and one single set of rules are not expected to be
valid at all sites.
4. Model application to the datasets
4.1. Methodology
The model is applied to all the available datasets given in
Table 3 and a comparison with measurements (temperature, sur-
face moisture and concentrations) is carried out for the coupled
and uncoupled (no surface retention or suspension) models. As in
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comparison with measurements, using NOx emissions and
observed NOx concentrations. Sanding is not included in the cur-
rent modelling though this may contribute to emissions at some
sites.
The following comparisons will be presented to assess the sur-
face moisture sub-model at the Hornsgatan and HCAB sites:
1. Comparison of hourly modelled and measured surface
temperature
2. Comparison of hourly modelled and measured surface
moisture
3. Comparison of hourly modelled and measured concentrations,
using both modelled and measured surface moistureFig. 4. Top: daily mean surface moisture layer thickness, modelled and observed, for HCAB 2
surface retention factor fq (0 is wet and 1 is dry).The following comparisons are made to assess the model:
4. Comparison of modelled and measured concentrations for the
coupled and uncoupled model at all sites
5. Sensitivity to model inputs and parameters at one site4.2. Modelled and measured surface temperature
For ﬁve years from Hornsgatan and two years from HCAB, sur-
face temperature measurements are available. Though
this parameter is not a prerequisite for surface moisture modelling,
predicting the surface temperature successfully is a necessary step
towards this. A comparison is made between the modelled and007e2008. Middle: modelled surface snow/ice depth. Bottom: Modelled and observed
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and presented in the form of scatter plots (Fig. 3).
Modelled hourly surface temperature differences are well
correlated with those observed, ranging from R2 ¼ 0.52e0.63 for
Hornsgatan and R2 ¼ 0.72 and 0.75 for HCAB. There is a small
negative bias of the model at both sites (Intercept a0 ¼ 0.14e
0.60 C) with the regression slope ranging from a1 ¼ 0.84e0.88 for
Hornsgatan and a1 ¼ 1.23 and 1.24 for HCAB.
4.3. Modelled and measured road surface moisture and its
sensitivity to salting
We compare modelled and measured road surface moisture for
the two sites Hornsgatan and HCAB. Comparison is made for two
types of model calculations, one ‘with’ and one ‘without’ the impact
of salt on the surface vapour pressure, both calculations include the
application of salt. To indicate the temporal variability in surface
moisture we show, in Figs. 4 and 5, two examples of daily meanFig. 5. As in Fig. 4 but for Hornsgatan 2010e2011. Only conductivity measurements are av
retention factor fq (0 is wet and 1 is dry).surface moisture modelling for HCAB and Hornsgatan with salt
impact included in the modelling.
The following indicators are used to further compare the
modelled and observed moisture at these two sites:
1. comparison of modelled and observed wet surface frequency
(percentage of total hours when surface is wet)
2. the percentage of hours with correctly modelled surface mois-
ture (number of ‘hits’)
3. correlation of the modelled and observed hourly PM10
concentrations
The results are shown in Fig. 6 for all seven years at these
two sites. Both cases, with and without salt impact, are shown.
The model tends to slightly under predict wet road frequency
(Fig. 6 top) for Hornsgatan but slightly over predicts for HCAB.
The average fraction bias for all years is 10.7% without salt
impact and 2.6% with salt impact. From the model hit rateailable at this site to indicate surface moisture and this is indicated by the observed
Fig. 6. Top: Frequency of modelled and observed wet road surface (hourly). Middle: Frequency of correctly modelled surface moisture, or ‘hits’. Bottom: Hourly mean PM10 cor-
relation of modelled concentrations with observations. Shown are the model calculations both with and without salt impact on the surface vapour pressure as well as the model
calculations using the observed surface moisture to determine retention.
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conditions are correctly predicted without the inclusion of salt
impacts. This increases to 80e92% with the inclusion of salt
impacts, with slight reductions for HCAB. The hourly mean net
PM10 concentration correlation (Fig. 6 bottom) is seen to
improve slightly with the inclusion of salt impacts for ﬁve of the
seven years. In general the moisture sub-model performs fairly
well with average moisture hit rates of 85% for all years. The
improvement with salt impact is only seen in the Hornsgatan
data.
4.4. Comparison of modelled and observed concentrations
The coupled model, including salt impact, is now applied to
the 18 separate periods of varying duration, from 3.5 months to 2
years (Table 3), at the 7 sites. The daily mean PM10concentrations for two cases (Mannerheimintie, 2007e2008 and
RV4 2005) are shown in Figs. 7 and 8. Plots for all 18 periods for
the 7 sites are provided as supplementary material, see Appendix
A. The reader is also referred to Part 1 (Section 4.2) for similar
plots for Hornsgatan and HCAB using observed surface moisture.
As can be seen much, but not all, of the variation in the emission
concentrations and the emission factors are captured by the
model.
The results of each of the 18 separate model applications are
summarized in Figs. 9e11 where the net PM10 mean concentra-
tions, 90’th percentile daily mean concentrations and daily mean
correlation (R2) are presented. Two cases are shown: the coupled
model, with surface retention and salting, and the uncoupled
model, with no retention and no salting. This last simulates an
emission factor based calculation which is not affected by surface
conditions.
Fig. 7. Results of the model application at Mannerheimintie for the period January 2007 to December 2008. Top: Daily mean modelled and observed concentrations of PM10
including salt contribution. Middle: Surface mass loading of suspendable dust and salt.
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mean concentrations within 35% of observations for all of the
datasets (Fig. 9). The largest differences are seen for NB 2002 and
RV4 2006. There is no clear reduction of bias as a result of the
application of the coupled model compared to the uncoupled
model, 9 of the 18 datasets have less bias for the coupled model.
The uncoupled model has a minor impact on the mean concen-
trations since removal of dust through drainage and spray is very
limited. The addition of salt slightly increases the means but the
added surface retention will also reduce these, particularly for
the shorter datasets where mass remains on the surface at the
end of the modelling period. The 90’th percentiles are well
simulated for most datasets with only NB 2002 and RV4 2006
lying outside the 30% range (Fig. 10). Surface retention has a
more obvious impact on the percentiles. 13 of the 18 datasets
show reduced bias in the 90’th percentile with the application of
the coupled model.
Surface retention has a major impact on the timing, and
hence, correlation of the daily mean concentrations (Fig. 11). For
many data sets the correlation is very low for the uncoupled
model, when surface retention is not included. Only for onedataset (HCAB, 2006e2007) is the correlation higher for the
uncoupled model. The correlation presented in Fig. 11 can be
directly compared to the results for Hornsgatan and HCAB pre-
sented in Part 1 (Fig. 8). In that case observed surface moisture
was used and lead to daily mean correlations (R2) of between
0.77 and 0.91 for Hornsgatan and for HCAB of 0.51 and 0.39.
Using the moisture sub-model leads to correlations for Horns-
gatan of between 0.43 and 0.68 and for HCAB of 0.30 and 0.31. As
we have seen in Section 4.3 the surface moisture is not modelled
correctly for 15% of the hours and this leads to the reduction in
modelled correlation.
Two of these sites and periods have previously been modelled
using the model from Omstedt et al. (2005). For Hornsgatan 2000
(Omstedt et al., 2005) predicts a correlation R2 ¼ 0.59 and a frac-
tional bias of 3% and 10% for the net mean concentrations and
90’th percentile respectively. The NORTRIP model provides similar
correlation (R2 ¼ 0.60) but under predicts the observed concen-
trations with fractional biases of 30% and 14% for the two in-
dicators. In the case of Runeberginkatu 2004 (Kauhaniemi et al.,
2011) the modelled correlation for the total concentrations,
including background, were R2 ¼ 0.64 with a fractional bias of
Fig. 8. As in Fig. 7 but for RV4 in the period November 2005 to April 2006.
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FB ¼ 4% respectively.4.5. Sensitivity assessment
There are a large number of model parameters and input data so
it is interesting and necessary to assess the sensitivity of the model
to these. We do this by perturbing a number of parameters and
input data, or removing various processes, and assessing the
sensitivity of the model to these changes for the one dataset
Hornsgatan 2010e2011. It should be noted that the sensitivity to
model parameters is also dependent on the dataset beingmodelled.
For datasets such as Hornsgatan, where there are long cold wet
periods, then small changes to the input data and the model pa-
rameters may lead to signiﬁcant changes in the surface conditions
on a day to day basis.
The results are shown in Figs. 12e14 where the relative surface
wetness (modelled/observed), the daily mean correlation and the
mean concentrations are shown as a result of the perturbations.We
divide the results into the categories of ’Salting’, ‘Moisture pro-
cesses’, ‘Dust processes’ and ‘Meteorological data’.The modelled surface wetness frequency shows a range of
approximately 10% for the selected parameter perturbations.
These changes can lead, for this particular dataset, to signiﬁcant
changes in correlation. For example a 10% reduction in surface
wetness can reduce the correlation by a factor of two, as is the case
when street canyon shadowing is removed from the model. In
general we see that the surface wetness and correlation is sensitive
to salting, some of the moisture process parameters and impor-
tantly to meteorological input data. The mean concentrations are
generally less sensitive to these changes and most sensitive to
uncertainties in the wear and, for this period and site, suspension
rates. The sensitivity assessment provided here indicates both un-
certainties in the model and real dependencies of the model to
input data.
5. Discussion and conclusions
In this paper we have applied a coupled road dust and surface
moisture model to predict trafﬁc induced non-exhaust emissions.
In Part 1 of this paper (Denby et al., 2013) the road dust sub-model
was described and assessed for 7 periods at 2 sites and in this
second paper the surface moisture sub-model was further
Fig. 9. Net mean PM10 concentrations for the 18 datasets for which NORTRIP has been applied. Shown are uncoupled (no retention and no salting) and the coupled (including
surface moisture retention and salting) model results. Observed net mean concentrations are also shown. * indicates sites where information on salting is available, the other sites
use the salting rule model.
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periods from 7 different sites. The surface moisture is shown to be
essential for determining the retention of particles on the surface,
their subsequent suspension and also for removal of the surface
salt through drainage and vehicle spray. The impact of salt on the
surface vapour pressure, which directly affects the evaporationFig. 10. As in Fig. 9 but showing the neand condensation processes, is also included in the model and this
has been shown to have an impact on the modelling results.
The variability of road dust concentrations of PM10 are
dependent on several factors including trafﬁc, dispersion condi-
tions, road maintenance activities, road surface wetness and
surface dust loading and suspension. The variability due to trafﬁct daily mean 90’th percentile PM10.
Fig. 11. As in Fig. 9 but showing the correlation (R2) between modelled and observed net daily mean PM10 concentrations.
Fig. 12. Results of the sensitivity analysis of model parameters applied to the Hornsgatan 2010e2011 dataset. Shown is the relative frequency of wet roads (modelled/observed). The
reference case is that presented in Figs. 9e11.
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Fig. 13. As in Fig. 12 but showing the correlation (R2) of daily mean PM10 concentrations.
Fig. 14. As in Fig. 12 but showing the mean concentrations of PM10.
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Table B.1
Physical constants used in the model
Parameter Description Units Value
ls Latent heat of condensation
(vapour-water)
J kg1 2.5  106
lice Latent heat of sublimation
(vapour-ice)
J kg1 2.8  106
lm Latent heat of fusion (water-ice) J kg1 3.3  106
Cp Heat capacity of dry air J kg1 K1 1005
Rd Speciﬁc gas constant for dry air J kg1 K1 287
s StefaneBoltzmann constant W m2 K4 5.67  108
k von Karman constant 0.4
U Angular velocity of the Earth rad s1 7.3  105
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NOx as a tracer then the variability due to dispersion is also
accounted for. Running the model both with and without surface
retention allows the impact of retention on the variability to be
estimated and for almost all datasets this was found to be the
most dominant source of variability in the emissions. In two
cases, notably HCAB 2006e2008, the variability is better
explained without the use of surface retention. This indicates
that retention and suspension is low at this site or that there may
be other sources leading to the variability. In the years 2008e
2010, at this same site, the explained variability due to surface
retention was seen to be signiﬁcant.
The emissions from salt are found in the current model cal-
culations to contribute from 1 to 10% of the total PM10 emissions
and this aspect has already been reported in Part 1. In the current
version of the model salt is assumed to be suspended at the same
rate as dust and to have the same size distribution. This aspect of
the modelling still requires attention and a future study will use
surface and ambient measurements of salt to further investigate
the contribution of salt to PM10. Though sand can be added to the
road surface in the model, as demonstrated in Part 1, this aspect
has not been addressed further as large uncertainties still remain
concerning its contribution to emitted PM10. Further measure-
ment data is required if this aspect of the modelling is to be
improved.
As discussed in Part 1 there are signiﬁcant uncertainties asso-
ciated with the modelling of the road dust, as well as the use of NOx
data to convert emissions to concentrations. There are also un-
certainties associated with the modelling of the road moisture. The
level of uncertainty of themoisturemodel on an hourly basis can be
interpreted from Fig. 5 where the number of correct hits is found to
be around 85% for the two sites Hornsgatan and HCAB. Correctly
modelling the surface moisture has most impact on the timing of
the road dust emissions and has less impact on the mean or per-
centiles (Figs. 6 and 7) as long as the wet road frequency is
reasonably predicted. Themodel appears to be able to represent the
surface wetness fairly well but there are clearly periods in the
datasets where surface wetness is not well modelled. It is not
known if this is the result of input data, e.g. precipitation, or of the
model formulation itself.
From the 18 periods modelled, covering 7 different sites, the
coupled model provided an average absolute fractional bias for the
mean concentrations of 15% and for the daily mean 90’th percentile
concentrations of 19%. The coupled model provided an average
correlation of R2 ¼ 0.49 whilst the average correlation of the
uncoupled model was only 0.16.
We conclude from this study that the coupled road dust and
surface moisture model provides an improved methodology for
modelling non-exhaust road dust emissions undermost conditions.
The model is most effective when the road surface is moist over
longer periods and signiﬁcant wear, due to studded tyres, or dust
loading is present. If timing of the emissions is of interest, e.g. with
forecasting, or percentiles are required then the model provides a
signiﬁcant improvement compared to models based on emission
factors only (no retention). Since it is a process based model it also
presents a signiﬁcant step towards the application of non-exhaust
emission models as management tools for the study of abatement
strategies. The inclusion of salt and its impact on vapour pressure
has been demonstrated for NaCl, but the ability to simulate this also
provides the mechanism for modelling the impact of dust binding
salts which have a larger impact on the vapour pressure.
Substantial efforts still remain to improve the model. As more
observational data is gathered concerning road surfaces, dust
loading, sanding, removal processes and source characterisations of
emissions then so too does the information pool for testing anddeveloping the model. Future measurement campaigns can make
use of the models conceptual structure and can focus on elements
that would help improve the model and the underlying processes
related to road dust emissions.Acknowledgements
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model description
The relative humidity of water vapour in air, RHa, is speciﬁed by
the ratio of the water vapour partial pressure (ea) and the saturated
partial pressure ðe*aÞ
RHa ¼ ea
e*a
$100 (B.1)
Calculation of the speciﬁc humidity, saturated ðq*aÞ or unsatu-
rated (qa), is carried out using
qa ¼ 0:622$eaðpa  0:378$eaÞ (B.2)
where pa is the atmospheric pressure. The Bolton equation ﬁt to the
saturated water vapour pressure is given by
e*a ¼ 6:112$exp

17:67$Ta
Ta þ 243:5
	
(B.3)
where Ta is the atmospheric temperature in C. Calculation of air
density from pressure and temperature is given by
ra ¼
pa
RdTK;a
(B.4)
where Rd is the speciﬁc gas constant for dry air and TK,a is the at-
mospheric temperature in Kelvin.
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Variables principally related the surface moisture sub-model. For variables related to the
Variable Units Variable typea Description
groad mm P Water mass on the road su
sroad mm w.e. P Snow/ice mass on the road
groad,drainable mm D Amount of water that may
groad,drainable-min mm IP Non-drainable road water
Pg mm hr1 D Production rate of liquid w
Ps mm hr1 D Production rate of frozen w
Sg mm.hr1 D Sink rate of liquid water on
Ss mm hr1 D Sink rate of frozen water (
Rain mm IT Amount of liquid precipita
Snow mm w.e. IT Amount of solid precipitat
groad-wetting mm IT or D Amount of water applied w
twetting hr IT or D Timing of the wetting even
groad,sprayable-min mm IP Minimum surface moisture
Rg,spray hr1 D Rate of road water remova
f v0;spray veh
1 IP Basic factor deﬁning the pr
one vehicle due to spray p
Vref ;spray km hr
1 IP Reference vehicle speed at
hmsprayeff 0e1 IP Efﬁciency factor for remov
hmdrainageeff 0e1 IP Efﬁciency factor for remov
hsnowploughingeff 0e1 IP Efﬁciency factor for remov
Ta C IT Atmospheric temperature,
TK,a K IT Atmospheric temperature
Ts C P Road surface temperature
Tsub C IT and D Sub-surface road temperat
TK,s K P Road surface temperature
Gs W m2 D Surface energy ﬂux
Gsub W m2 D Sub-surface energy ﬂux
Rnet,s W m2 IT or D Surface net radiation ﬂux
RSin W m2 IT Incoming short wave radia
aroad 0e1 IM Road surface albedo
asnow 0e1 IP Road surface snow albedo
RL-in W m2 D Incoming long wave radiat
RL-out W m2 D Outgoing long wave radiat
Hs W m2 D Surface sensible heat ﬂux
Ls W m2 D Surface latent heat ﬂux
Htrafﬁc W m2 D Trafﬁc heat ﬂux to the surf
nc 0e1 D or IT Cloud cover fraction
εeff 0e1 D Effective long wave emissi
εcs 0e1 D Clear sky long wave emiss
εcl 0e1 IP Cloudy sky long wave emi
εs 0e1 IP Long wave emissivity of th
broad m IM Total width of the road, fro
blane m IM Lane width
bcanyon m IM Width of the street canyon
hcanyon m IM Height of the street canyon
ea, e*a Pa D Water vapour partial and s
es, e*s Pa D Water vapour partial and s
esalt, e*salt Pa D Water vapour partial and s
eice Pa D Vapour pressure for water
qa, q*a D Water vapour speciﬁc hum
qs, q*s D Water vapour speciﬁc hum
RHa, RHs and RHs,salt D Relative humidity of the at
FF(z) m s1 IT Wind speed at height z.
rtrafﬁc and rwind s m1 D Aerodynamic resistance fo
rT and rq s m1 D Aerodynamic resistance fo
z0, zT, and zq m IP Roughness lengths for mom
avtraffic s veh
1 IP Aerodynamic trafﬁc coefﬁc
lvveh m IP Length of vehicle type v
Hvveh W m
2 veh1 IP Surface heat ﬂux from veh
groad;evapthresh mm IP Threshold value for surface
gretention-thresh,source mm IP Threshold value deﬁning t
gretention-min,source mm IP Threshold value deﬁning t
pa Pa IM Atmospheric pressure
ra kg m3 D Atmospheric density
rs kg m3 IP Road surface density
cs J kg1 K1 IP Road surface speciﬁc heat
ks W m1 K1 IP Road surface thermal cond
Dzs m D or IP Sub-surface layer slab dept
Tmelt C D Melt/freezing temperature
a Variable types are deﬁned as prognostic (P), diagnostic (D), model input parameterroad dust sub-model see Part 1, Table A.1.
rface
surface. Units for ice/snow are in mm w.e. (water equivalent)
be drained from the road
mass
ater on the road surface
ater (ice/snow) on the road surface.
the road surface
ice/snow) on the road surface.
tion within the model time step Dt
ion within the model time step Dt
hen wet salting/sanding or during cleaning.
t. Input or derived by salting rules
level for spray to occur
l by spray processes
oportion of surface moisture removed with the passage of
rocesses at the reference speed Vref ;spray
which f v0;spray is valid
al of dust and salt mass (m) due to vehicle spray
al of dust and salt mass (m) due to drainage
al of snow due to snow ploughing
usually at 2 m.
in Kelvin, usually at 2 m.
ure
in Kelvin
tion
ion
ion
ace
vity of the atmosphere
ivity of the atmosphere
ssivity of the atmosphere
e surface
m kerb to kerb
. Two values, one for north and one for south.
aturateda pressure in the atmosphere.
aturateda pressure on the surface.
aturateda pressure on the surface for a salt solution.
and ice.
idity and saturateda speciﬁc humidity in the atmosphere.
idity and saturateda speciﬁc humidity on the surface.
mosphere, on the surface and of the salt solution on the surface.
r trafﬁc induced turbulence and wind shear induced turbulence
r temperature and water vapour
entum, temperature and water vapour
ient
icle type v
moisture below which evaporation is reduced by reduction of relative humidity
he upper limit for retention, above which full surface retention is achieved
he lower limit for retention, below which no surface retention is achieved
uctivity
h
of the surface moisture
(IP), site speciﬁc input metadata (IM) or site speciﬁc input time series (IT).
Table C.3
Parameters used to deﬁne the salting rule model described in Section 2.10.
Salting rule
parameter
Value Units Comment
trule-hour (1) 05:00 hh:mm First time of day when salting can occur
trule-hour (2) 20:00 hh:mm Second time of day when salting can occur
trule-delay 0.2 days Minimum allowable time between salting
events in days
trule-window 0.5 days Time window checked ahead (temperature,
RH) and behind (precipitation) in days
Trule-min 6 C Minimum temperature for salting in the
forward time window
Trule-max 0 C Maximum temperature for salting in the
forward time window
Precrule-min 0.1 mm hr1 Salt if precipitation occurs above this level
in the forward and behind time window
RHrule-min 95 % Salt if the relative humidity is above
this level in the forward time window
grule-min 0.25 mm Dry salt if the surface moisture is above
this value at time of salting
MsaltðiÞsalting 15 g m
2 Mass of salt applied at each application
Saltsolution 0.2 kg litre1 Salt solution by mass, if 0 then dry salting
Table C.2
Model parameters for the surface moisture sub-model. For model parameters
related to the road dust sub-model see Part 1, Table A.2.
Spray and splash factors Heavy (he) Light (li)
f0,spray (veh1) 6.0  104 1.0  104
Vref,spray (km hr1) 70
groad,sprayable-min (mm) 0.1
Drainage parameters Value
gdrainable (mm) 0.5
Ploughing parameters Value
Ploughing efﬁciency for snow removal 0.8
Ploughing threshold (mm) 3
Energy balance parameters Value
groad,evap-thresh (mm) 0.02
Roughness length (z0) (mm) 1
Snow albedo (asnow) 0.4
Subsurface parameters rs (kg m3) cs (J kg1 K) ks (W m1 K)
2400 800 2
Trafﬁc turbulent exchange and heat ﬂux Heavy (he) Light (li)
atrafﬁc (veh1) 1.0  102 1.0  103
Hveh (W m2 veh1) 30 10
Retention parameters Road Brake
gretention-thresh (mm) 0.1 1
gretention-min (mm) 0.04 0.7
Efﬁciency factors for mass removal
Efﬁciency parameter Suspendable dust Salt
hploughing-eff 0.001 1.0
hdrainage-eff 0.001 1.0
hspraying-eff 0.001 1.0
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